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Studies  of  promoters  that  largely  regulate  gene  expression  at the  transcriptional  level  are crucial  for
improving  our  basic  understanding  of  gene  regulation  and  will  expand  the  toolbox  of available  promo-
ters  for  use in  plant  biotechnology.  In  this  review,  we  present  a  comprehensive  analysis  of promoters  and
their  underlying  mechanisms  in  transcriptional  regulation,  including  epigenetic  marks  and  chromatin-
based  regulation.  Large-scale  prediction  of  promoter  sequences  and  their  contributing  cis-acting  elements
has  become  routine  due  to  recent  advances  in  transcriptomic  technologies  and  genome  sequencing  ofranscription
enetic engineering
ynthetic promoters
hromatin structure
ranscriptomics
ene  expression systems
several  plants.  However,  predicted  regulatory  sequences  may  or may  not  be functional  and  demonstra-
tion  of the contribution  of  the element  to  promoter  activity  is  essential  for conﬁrmation  of regulatory
sequences.  Synthetic  promoters  and  introns  provide  useful  approaches  for functional  validation  of  pro-
moter  sequences.  The  development  and  improvement  of gene  expression  tools  for rapid,  efﬁcient,
predictable,  and  high-throughput  analysis  of  promoter  components  will  be  critical  for  conﬁrmation  of
the  functional  regulatory  element  sequences  identiﬁed  through  transcriptomic  and  genomic  analyses.© 2013 The Authors. Published by Elsevier Ireland Ltd. 
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. Introduction
Multicellular organisms maintain the same inherited genetic
aterial in most of their cells throughout different cellular and
evelopmental processes. However, organisms have acquired a
iverse array of molecular mechanisms including coordinated
xpression of genes that tightly control metabolism during dif-
erentiation and development. Regulation of gene expression in
ifferent tissues and organs, during various growth and develop-
ental stages, or as a consequence of external stimuli is mediated
t the transcriptional, post-transcriptional, and post-translational
evel. Transcriptional regulation plays the greatest role in the acti-
ation and suppression of expression, and is largely controlled
hrough gene promoters and their contributing cis-acting elements
1].
In the simplest terms, gene promoters are DNA sequences
ocated upstream of gene coding regions and contain multiple
is-acting elements, which are speciﬁc binding sites for proteins
nvolved in the initiation and regulation of transcription. DNA
equences located in the 3′-ﬂanking or downstream region of
he transcribed region, or even within the transcribed region,
an also inﬂuence the initiation of transcription; however, these
ene regulatory elements will not be discussed here. Promoters of
rotein-encoding genes often contain a “core promoter”, which is a
egion located ∼40 bp upstream of the transcriptional initiation site
nd comprises the TATA box [2]. The TATA box is the binding site
or the transcription initiation factor TFIID TBP (TATA-box-Binding
rotein) subunit. The core promoter also contains cis-elements that
re binding sites for the basic transcriptional machinery, including
NA polymerase II and its corresponding subunits (Fig. 1) [3]. A pro-
ein complex, including general transcription factors such as TFIID
nd TFIIB is formed with RNA polymerase II prior to initiation of
ranscription [4].
Upstream  of the core promoter region are the proximal and
istal regions of promoters. Proximal and distal regions of the pro-
oter contain different regulatory sequences such as enhancers,
ilencers, insulators, and cis-elements that contribute to the ﬁne
egulation of gene expression at the transcriptional level (Fig. 1)
4]. The physical demarcation of the upstream regions that con-
ribute to the “full promoter” is more ﬂuid than that of the core
romoter, and the size of the active, fully functional promoter
epends directly on the positional and combinatorial understand-
ng of the cis-acting elements present in both the proximal and
istal regions. During transcription, co-activators and transcrip-
ion factors bind to speciﬁc DNA motifs and simultaneously interact
ith the transcriptional machinery attached to the core promoter
4]. This complex DNA/protein interaction leads to the activation,
nhancement, or suppression of transcription. Thus, regulation
f transcription depends on the: (a) availability and activity of
ranscription factors, and (b) the type, number, position, and combi-
ation of regulatory elements present in and around the promoter
1].
Fig. 1. Simpliﬁed model of transcriptional regulation of protein-encoding genes.ence 217– 218 (2014) 109– 119
Regulation of gene expression at the promoter level is mainly
controlled by the cis-acting elements localized upstream of
the transcriptional start site. The physical interaction between
regulatory proteins and the basic transcriptional machinery is
straightforward during initiation of transcription due to the loca-
tion of proximal elements to the core promoter. Distal promoter
elements, located far away from the transcriptional start site can
also impact gene expression. The mechanisms of how distal ele-
ments come into close proximity to the core promoter to modulate
gene expression during transcription involve DNA folding medi-
ated by conformational changes in the 3-dimensional structure of
DNA and chromatin.
2.  Chromatin structure and its role during transcription
Linear models depicting gene promoters (Fig. 1) are often simple
representations of the contributing cis-acting elements positioned
upstream of the transcriptional start site of a gene. However, in vivo
regulation of transcription is more dynamic and portrays an aug-
mented level of complexity. The 3-dimensional organization of
DNA, inﬂuenced by folding and the association with chromatin
appears to be highly organized and allows cis-acting elements
located in distant regions to fold and spatially become proximal to
the regulatory complex (Fig. 2) [5]. Under this dynamic deﬁnition
of promoters, introns, 3′UTR, 5′UTR and even regulatory sequences
positioned up to several Kb, and in extreme cases, more than 1 Mb
away from the core promoter, can inﬂuence transcription rates [6].
Compacted assembly of the genomic DNA, wrapped by histones
in a small nucleus is also a major constraint for transcriptional reg-
ulatory proteins and RNA polymerases limiting access to DNA and,
thus, leverages gene transcription. Chromatin-based gene regula-
tion includes replacement of common histones with specialized
variant types and total or partial removal of histones from DNA
[7]. The hypermobile animal nucleosomes containing the H3.3 and
H2A.Z histone variants are relatively unstable, with these histones
being easier to displace from DNA. These histones are predom-
inantly associated with promoter regions, enhancers, and gene
coding regions, where the nucleosomes are disrupted and reformed
rapidly during transcription [8].
Post-translational modiﬁcation of histones plays an important
role in regulating transcription. Histones can be modiﬁed at their N-
terminal tails through the addition of functional groups including
methyl, acetyl, and phosphoryl. The addition of epigenetic marks
to histones leads to activation or silencing of transcription as a
result of either loosening or enhancing the association between
histones and DNA [9]. For example, the trimethylation of the H3
histone protein at lysine 4 (H3K4me3) or lysine 27 (H3K27me3)
are well-studied in animals and plants. The H3K4me3 histone vari-
ant is highly represented near the 5′ end of actively transcribed
genes and associated with transcriptional initiation of the Flowering
Locus C (FLC) in Arabidopsis [10]. Contrarily, the H3K27me3 variant
is linked to gene silencing via chromatin condensation during plant
development processes [9]. Transcription factors also have the abil-
ity to recruit coactivator proteins that acetylate histones and, thus,
positively affect the activation of transcription.
Studies of chromatin-based regulation in plants are emerging
and yet more research on epigenetic features and genome-wide
mapping of histone modiﬁcations is required to predict active
promoters and enhancers, and gain a better understanding of reg-
ulation of transcription at the promoter level. Transcription of
transgenes in transformed organisms is also subject to chromatin-
based regulation, albeit the degree of regulation depends on where
the transgene is integrated. Most conventional DNA introduction
methods result in somewhat random integration of transgenes in
the host genome, including transcriptionally active and inactive
C.M. Hernandez-Garcia, J.J. Finer / Plant Science 217– 218 (2014) 109– 119 111
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he  3D structure of chromatin, epigenetic marks, and folding of the distal promoter
egions, which are often determined by chromatin status and epi-
enetic signature.
.  Plant promoters used in genetic engineering
Studies of gene promoters are central to understanding the
lobal regulation of gene expression in plants. Isolated promoter
equences and their contributing elements are also critical for ﬁne
egulation of introduced transgenes, including protein-encoding
enes and noncoding DNA sequences intended for gene silenc-
ng via RNAi-mediated silencing. Although isolated promoters can
etain their native functionality in transgenic plants, qualitative
nd quantitative variations in transgene expression are not uncom-
on and should be carefully studied for each candidate promoter.
he introduced transgenic DNA is affected by its location in the
enome (position effect) and the genetic background of the trans-
enic organism.
Promoters used in biotechnology applications can be grouped
nto the following classes: (a) constitutive promoters – active in
ost of the tissues and developmental stages; (b) spatiotemporal
romoters – provide tissue-speciﬁc or stage-speciﬁc expression;
c) inducible promoters – regulated by the application of an exter-
al chemical or physical signal; and (d) synthetic promoters –
ontain deﬁned regulatory elements located adjacent to or within
romoter sequences. Synthetic promoters can drive constitutive,
patiotemporal, inducible, and even unique combinations of trans-
ene expression patterns, depending on the included elements..1.  Constitutive promoters
Constitutive  promoters drive somewhat constant levels of gene
xpression in all tissues, at all times. However, few, if any promoterser regions. This model shows dynamic regulation of gene transcription, integrating
nces to become proximal to the transcriptional complex.
are  truly constitutive. Most of the promoters that are classiﬁed as
constitutive will display moderate expression in many tissues and
higher expression in either rapidly growing meristematic tissue
or vascular tissues. In reality, constitutive promoters are promo-
ters that drive expression in most tissues under many different
conditions. Constitutive promoters are often used when evaluat-
ing transgenes as transgene effects may be easier to score if the
introduced gene can be expressed in most tissues under many dif-
ferent conditions. Constitutive promoters typically originate from
either plant viruses or plant housekeeping genes.
Among the viral promoters, the CaMV35S promoter [11] from
the cauliﬂower mosaic virus is one of the most widely utilized pro-
moters for basic research and the development of transgenic plants.
The constitutive expression of this promoter tends to be relatively
high in different tissues of many plants. This strong expression
in different plant tissues seems to result from an additive effect
of multiple tissue-speciﬁc elements [12]. Site-speciﬁc mutation of
some of the elements within the CaMV35S promoter resulted in a
loss of expression in certain tissues or under certain conditions [12].
Viral promoters may  have evolved by mutation of existing elements
within their promoters or acquisition of elements from their host,
evolving to become more successful in utilizing or hijacking the
transcriptional machinery of their host. The simple model proposed
for the CaMV35S promoter, where promoters are composed of
strings of separate elements, each contributing to the total activity
of the promoter, remains central to our conceptual understanding
of promoter functionality. Unfortunately, many of the models for
functionality of plant promoters are based on this CaMV35S model
of assembled tissue-speciﬁc elements, which may  not be totally
valid for promoters from higher plants. Native plant constitutive
promoters may  not be a collection of numerous tissue-speciﬁc ele-
ments as with viral promoters [11,13] but may  be composed of
1 nt Science 217– 218 (2014) 109– 119
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Fig. 3. Validation of a well-conserved G-box like motif present in strong polyubiqui-
tin  promoters (Hernandez-Garcia, unpublished data). (A) Sequence alignment. (B)
Motif logo generated using WebLogo (http://weblogo.berkeley.edu/). (C)–(D) GFP
expression mediated by tetramers of the G-box like motif cloned in front of the
35S minimal promoter (35S core) using transient expression (C; n = 4–6) and soy-
bean hairy roots (D; n = 22–23). (E) Soybean hairy root showing high levels of GFP
expression mediated by the 4xG-box like motif. The validation tools used for gene12 C.M. Hernandez-Garcia, J.J. Finer / Pla
on-speciﬁc elements that are simply more efﬁcient at protein
ecruitment for transcription.
High-expressing housekeeping genes that encode abundant
roteins required for basic functions in plant cells are a good source
f strong native constitutive promoters. Strong constitutive promo-
ers have been identiﬁed and isolated from the highly expressing
biquitin, Actin, Tubulin, and EIF (eukaryotic initiation factor) genes.
romoters from these genes are highly active in almost all organs
nd tissues and throughout most of the life cycle of a plant. Recently,
he search for strong constitutive promoters has also expanded
o other gene families encompassing the APX (ascorbate peroxi-
ase), PGD1 (phosphogluconate dehydrogenase), and R1G1B (R1G1
omain containing protein B) [14].
Unlike spatiotemporal and inducible promoters, few elements
rom endogenous plant constitutive promoters have been identi-
ed. A 38-bp poly(dA-dT) element in the upstream region of the
ice ACT1 promoter functions as a positive regular of gene expres-
ion; while, its CCCAA repeat contributes to complex tissue-speciﬁc
xpression [15]. A DNA fragment located −151 to −73 in the NeIF4A-
0 promoter directs high levels of expression although mutation
f its predicted elements does not completely eliminate expres-
ion, suggesting a combinatorial effect of multiple elements or
ong element sequences [16]. We  have identiﬁed a well conserved
-box like motif within strong constitutive polyubiquitin promo-
ers, including the soybean Gmubi3 and Gmubi7, rice RUBQ2 and
ubi3, maize Zmubi1, sunﬂower UbB1, switchgrass PvUbi1, and
otato Ubi7 (Supplemental Table 1). Tetramers of this element gave
xceptionally high expression levels of transient expression and in
tably transformed soybean hairy roots (Fig. 3; Hernandez-Garcia,
npublished data), suggesting that the G-box motif contributes
onsiderably to the strong expression mediated by polyubiquitin
romoters.
.2. Spatiotemporal promoters
Strong  constitutive promoters are useful when high levels of
ransgene expression are continuously needed during the life
ycle of a plant. Unlike constitutive expression of RNAi-encoding
equences, high and continuous overexpression of certain protein-
ncoding genes may  be unnecessary and even harmful to plant
ells. For instance, constitutive expression of genes associated with
tress tolerance and defense responses may  lead to unintended
henotypes, including altered plant growth and development,
bnormal morphology, unexpected activation of defense pathways
n the absence of pathogens, and ﬁtness costs [17]. Examples of
ranscriptional regulators that show enhanced traits but accompa-
ied by detrimental effects when over-expressed in a constitutively
anner include the DEHYDRATION ELEMENT BINDING (DREB1a),
ALT TOLERANCE ZINC FINGER (STZ/ZAT10), and WAX  PRODUCTION 1
WXP1) [18].
Spatiotemporal promoters provide more precise control of
ative genes and transgenes, and restrict gene expression to certain
ells, tissues, organs, or developmental stages. An ideal tissue-
peciﬁc promoter will only be active in certain tissues leaving all
ther tissues unaffected. In the real world of transgenics, trans-
ene expression regulated by a spatiotemporal promoter can be
eaky, giving weak expression in tissues or at times that may  be
nexpected, based on expression of the native gene associated with
he promoter. Differential expression driven by a tissue-enhanced
romoter in transgenics and its native context would be in part
ttributed to the potential loss of cis-regulatory elements dur-
ng promoter cloning, changes in chromatin-mediated regulation
n transgenics, and the inﬂuence of native enhancers located in
lose proximity to the transgenic locus. Fine dissection of cis-acting
lements present in spatiotemporal promoters is central to build
romoters with more targeted and precise regulation of transgenes.expression analysis were previously described [41,79].
A range of spatiotemporal promoters is available [19,20],
although here we  only focus on a few groups from this promoter
class. Seed-speciﬁc promoters isolated from genes with restricted
or enhanced expression during seed development are the most
often reported spatiotemporal promoters. Seed-speciﬁc promoters
have a wide range of applications including tissue-speciﬁc target-
ing of industrial and pharmaceutical compounds, and development
of transgenic seeds with improved nutritional quality and better
functional quality of milled grain. Promoters from cereal seed stor-
age protein genes such as Hordein and Glutenin genes have been
exploited for production of recombinant proteins in grains [21].
Similarly, several seed-speciﬁc promoters have been cloned from
different plants (Supplemental Table 1).
Fruit speciﬁc promoters deserve special attention as they can
lead to generation of fruits with improved post-harvest quality and
enhanced nutritional value and agronomic quality through genetic
engineering. Promoters that enrich gene expression in fruits can
also be utilized to direct the production of antibodies, biopharma-
ceuticals and edible vaccines. Expansin genes encode plant cell-wall
loosening proteins involved in cell-wall modiﬁcation during fruit
ripening [22]. Expansin promoters isolated from different plants
showed speciﬁc expression in ripened fruits (Supplemental Table
1). Other promoters associated with fruit ripening such as the ACC-
oxidase, E8 and PG (polygalacturonase) have also been used to
direct expression in fruits (Supplemental Table 1).
Tubers and root storage organs from potato, sweet potato,
yam, taro, and cassava are important staple food sources in many
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eveloping countries; thus, tuber/storage organ-speciﬁc promoters
re important for genetic engineering of these crops. The search for
hese promoters has focused on genes involved in the deposition
f starch and storage of glycoproteins. Several promoters, includ-
ng the dioscorin pDJ3S, potato class I patatin, GBSS-granule-bound
tarch synthase, sporamin, and ß-amylase have been reported as
uber/storage organ-speciﬁc promoters in cassava, carrot, potato,
nd sweet potato (Supplemental Table 1). These promoters often
ontain different sugar-responsive elements like the TGGACGG
otif present in the sporamin and ß-amylase promoters [23].
URE (Sucrose Responsive) elements were also found in sucrose-
esponsive patatin promoters [24]. Native regulation of genes is
ow feasible using engineered transcriptional regulators speciﬁ-
ally designed to bind cis-regulatory elements within promoters
18], and native regulation of tuber/storage organ-speciﬁc genes
ould be a good approach to generate crops with enhanced agro-
omic traits and better nutrient content.
Anther- and pollen-speciﬁc promoters are useful to control male
terility, which is an important trait in plant breeding. Numerous
nther- and pollen-speciﬁc promoters have been isolated from dif-
erent plants, including the RA8 promoter from rice, A9 promoter
rom Arabidopsis, and TA29 promoter from tobacco [19]. These pro-
oters have been frequently used to regulate the expression of
he barnase protein, which is a potently cytotoxic ribonuclease iso-
ated from Bacillus amyloliquefaciens and optimized for expression
n plants [25]. The use of pollen-speciﬁc promoters to control a
ytotoxic protein in transgenic plants would mitigate the poten-
ial ﬂow of transgenes into wild populations that reproduce by
ross-pollination. Yet, the rate of pollen survival in these trans-
enics should be careful estimated and minimized; otherwise the
ntrogression of a male sterility trait into wild populations can be
cologically disastrous.
.3.  Inducible promoters
Inducible  promoters are responsive to environmental stimuli
nd provide precise regulation of transgene expression through
xternal control. This group of promoters has a broad spectrum
f potential applications to control expression in both small exper-
mental settings and at a large agricultural scale by the application
f chemical sprays. Inducible promoters are also useful for the reg-
lation of potentially lethal genes or stress-related genes that are
ctivated as a result of biotic and abiotic stresses. Inducible plant
romoters can be usually classiﬁed as responsive to endogenous
ignals (plant hormones), external physical stimuli (biotic and abi-
tic stresses), and external chemical stimuli.
Numerous promoters responsive to hormones from plants,
nsects, and mammals have been characterized and effectively used
n plants. For instance, chimeric systems containing the insect
cdysone receptor ligand-binding domain are inducible in plants
sing commercial insecticides containing either tebufenozide
r methoxyfenozide [26,27]. Other promoters such as the
lucocorticoid-mediated GVG and the estrogen-inducible XVE have
een constructed using mammalian components and utilized
or regulation of gene expression in plants [28,29]. The ethanol
nducible alc system has also been widely used in plants. This sys-
em consists of two components: the ALCR transcription factor
ncoded by the alcR gene and the alcA promoter activated by ALCR
n response to exogenous application of ethanol or acetaldehyde
30]. While expression of any transgene of interest is controlled
y the alcA-inducible promoter, the expression of ALCR factor can
e driven by any appropriate constitutive, inducible, or spatiotem-
oral promoter [31], facilitating the investigation of temporal and
patial gene activity. Inducible promoter systems using heterol-
gous components from other organisms are advantageous as
heir activators typically do not induce endogenous pathways inence 217– 218 (2014) 109– 119 113
plants. The most common applications for these systems include
the increased production of recombinant proteins, functional anal-
ysis of lethal and harmful genes, and the production of marker-free
transgenic plants utilizing targeted excision of selection mark-
ers.
During evolution, plants have acquired intricate mechanisms
of gene regulation to mitigate the effect of adverse environmen-
tal conditions. Those genes, which are differentially expressed
during stress, are good sources of stress-responsive promoters
and cis-elements. The promoters of the rice OsNCED3 and Wsi18
genes, implicated in the synthesis and signaling of ABA, were
highly-inducible after drought, ABA, and high-salinity treatments
in transgenic rice [32,33]. The Arabidopsis Rd29A promoter was suc-
cessfully used to mediate drought-speciﬁc expression of DREB1A in
transgenic wheat [34].
The  cis-regulatory elements present in stress-responsive gene
promoters have also received special consideration as they provide
insights into gene regulation and plant signaling under stress con-
ditions. Examples of common stress-responsive elements comprise
the dehydration-responsive element DRE (A/GCCGAC) implicated
in the regulation of cold and dehydration responses in Arabidopsis
[35], the low temperature responsive element C-repeat binding fac-
tor (CBF) [36], and the ABA responsive element ABRE (ACGTGG/T)
that regulates dehydration and salinity responses in Arabidopsis and
rice [37].
Defense-response promoters are also important in biotech-
nological applications. Although many genes conferring disease
resistance have been discovered, the current toolbox of defense-
response promoters may  limit the development of resistant
transgenic crops. The ideal pathogen-inducible promoter would
be rapidly activated by a wide array of pathogens, and be inac-
tive under disease-free conditions. Otherwise, the biosynthesis of
abundant, unnecessary recombinant proteins controlled by strong
constitutive promoters in transgenic plants can represent a high
metabolic cost and eventually impact the energy allocated into
traits of interest such as yield and biomass. Pathogen inducible
promoters have been isolated from numerous genes associated
with defense responses in plants, including defensin promoters
[38], the rice OsPR10a promoter – induced by pathogens and
defense response hormones [39], and the barley Germin-Like GER4
promoter – highly inducible after infection by biotrophic and
necrotrophic pathogens [40]. This latter promoter contains multi-
ple W-boxes with a typical TGAC core motif, which is a binding site
for WRKY transcription factors and a motif required for pathogen-
induced activity [40].
Mechanical  wounding often mimics the physical aspect of pest
activity and wound-responsive promoters can also be suitable for
driving certain defense genes. Identiﬁcation of wound-responsive
promoters has typically been restricted to Pathogenesis-related
(PR) genes [38]. However, other gene families such as bZIP, MYB,
MYC, WRKY, and ERF transcription factors could also be good candi-
dates for identifying wound-inducible promoters. Wound inducible
promoters that mediate rapid gene responses would be best for
controlling genes that provide protection during the initial stages
of pathogen colonization, or immediately after arrival of insects.
Late wound inducible promoters would also be good candidates
to control genes that provide protection in late stages of pathogen
invasion, which may  facilitate a more comprehensive regulation
of defense response genes. We previously identiﬁed 10 GmERF
(Glycine max Ethylene Response Factor) promoters in soybean [41].
The GmERF3 promoter showed a delayed activation in response to
wounding and may  be either a late wound response promoter or
senescence-associated promoter. This promoter contained a rela-
tively large regulatory element (GGATTCAAGTTTAACC); promoter
activation was minimized only when most of this element was
modiﬁed (Hernandez-Garcia, unpublished).
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Fig. 4. Representative structure of synthetic promoters. (A) Tetrameric repeats of
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Fig. 5. A proposed methodology to improve regulation of gene expression using cis-
acting elements located within intronic sequences. (A) Structure of an independent
intron-containing  tetrameric repeats of the same cis-element regulating a reporterhe same regulatory elements driving either a reporter gene (RG) or other gene of
nterest (GOI). (B) Example of a synthetic promoter-containing different regulatory
lements  controlling a reporter gene (RG) or a gene of interest (GOI).
.4. Synthetic promoters
Synthetic  promoters are composed of unique combinations of
ore promoter sequences, leading introns, and proximal and dis-
al promoter sequences, which may  all contain speciﬁc regulatory
lements. Synthetic promoters differ tremendously from native
romoters because they can provide expression proﬁles that do
ot exist in nature, ultimately improving the toolbox of useful
romoters. Synthetic promoters are classically constructed by com-
inatorial engineering of cis-elements which include enhancers,
ctivators or repressors directly upstream of the core promoter
equence (Fig. 4) [42]. This approach has been successfully uti-
ized to identify regulatory elements and the sequences within that
ontribute to gene expression. Arrangement of elements within a
ynthetic promoter can result in very precise transgene expression
42] and non-speciﬁc expression that results from the additional
lements present within the “full-length” promoter sequences is
voided. The DR5 auxin promoter is a highly active synthetic pro-
oter that contains tandem direct repeats of the auxin responsive
GTCTC element and has been used to study auxin response mech-
nisms in plants [43]. The CaMV35S promoter with its duplicated
nhancer sequence in a synthetic context [44] has also been widely
sed to increase gene expression levels in numerous applications
n plants. The mac  promoter – a hybrid promoter constructed with
art of the mas  promoter and the CaMV35S enhancer region, gives
ven higher expression in plant tissues compared to the double
nhancer CaMV35S promoter [45].
Additional element stacking or inclusion of intronic sequences
nto the promoter can potentially provide even greater precision
n the speciﬁcity and intensity of promoter activity. As synthetic
romoters are generally much smaller than full-length promoters
nd packed with regulatory element sequences, use of chromatin
nsulators [46] should be carefully assessed to minimize any unde-
irable interference or interaction between closely spaced synthetic
romoter sequences. A more detailed analysis of synthetic promo-
ers is presented in Section 6.
. Enhancing introns and their role in gene transcription
Introns are intervening DNA sequences largely distributed
hroughout gene coding regions in eukaryotes. Introns are involved
n alternative splicing and these intergenic sequences can greatly
nﬂuence gene expression at different stages by affecting tran-
cription, nuclear export, translation, and mRNA decay. Many of
he polyubiquitin genes and some other highly expressed genes
ontain leading introns in the 5′UTR, which are often used and
herefore included as part of the promoter [41,47]. These leading
ntrons are frequently utilized to enhance transgene expression.
he stimulatory effect of leading introns on gene expression isgene (RG) or other gene of interest (GOI). (B) Structure of an intron-containing pro-
moter harboring multiple copies of different cis-elements to mediate a reporter gene
(RG) or other gene of interest (GOI).
called intron-mediated enhancement (IME) and, unlike classical
transcriptional enhancers, which are located upstream of the trans-
criptional start site, enhancing introns are located downstream
and adjacent to the transcriptional start site [48]. Quantitative
enhancement of transcription has been demonstrated using differ-
ent introns. Some introns (e.g. UBQ10 and PhADF1) can also disrupt
tissue-speciﬁc patterns when they are fused to heterologous pro-
moters and validated in Arabidopsis [49,50]. The intron 1 of the
OsMADS1 gene appears to contain a regulatory region essential for
ﬂower-preferential expression of this gene in rice [51]. Although
the speciﬁc molecular mechanisms of IME  are not fully understood,
intron splicing factors can directly interact with RNA polymerase
II (RNA Pol II) and, therefore, inﬂuence transcriptional levels [52].
Transcription rates and RNA Pol II phosphorylation can also inﬂu-
ence the splicing process, indicating a tight link between these two
processes. IME  also involves a physical gene looping interaction
between the promoter and the gene terminator via the 5′ and 3′
splice sites [53]. This gene looping mechanism may  increase trans-
criptional activity as the result of the recycle of the polymerase
from the terminator to the promoter for transcription re-initiation
[54].
Intron-mediated transcriptional regulation can also be driven
by cis-acting elements such as enhancers present within intron
sequences. A good approach for detecting enhancer-containing
introns is to evaluate introns in both orientations, with splice sites
and branch points preserved. Other motif sequences present in
leading introns have been implicated in quantitative and qualita-
tive regulation of expression levels and are important IME  signals.
For example, the UBQ10 intron contains numerous IME  signals like
the CGATT motif involved in high expression levels [55,56]. The Ara-
bidopsis ACT1 intron also contains speciﬁc cis-elements responsible
for high expression levels in reproductive tissues [57]. Although
the speciﬁc mechanisms of IME  remain unclear, it appears that
IME may  inﬂuence gene expression in a number of different ways.
Regardless, leading introns can have important beneﬁts in applica-
tions requiring either high expression levels or tissue-speciﬁc gene
expression.
Similar to synthetic promoters, “synthetic introns” can also
be generated to appropriately evaluate the contribution of the
intron or intron components to enhancement of gene expression.
Synthetic introns, containing duplicated copies of the same or dif-
ferent intron-derived or non-intron-derived cis-elements, can be
constructed using the same tools as used for synthetic promo-
ters (Fig. 5). Synthetic introns could be useful for a wide array
of transgenic applications, leading to exceptionally high levels
of expression or the regulation of more elaborate phenotypes.
Cloning of enhancers within the introns adds greater ﬂexibility
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o a synthetic promoter approach by allowing the evaluation of
ifferent combinations of enhancers and elements within a lead-
ng intron and/or the proximal promoter (Fig. 5B). Intron-derived
lements from a soybean polyubiquitin promoter give increased
ene expression if placed within the proximal promoter region but
reater enhancements result if they are placed within the context
f a synthetic intron (Hernandez-Garcia and Finer, unpublished).
ach intron-derived element should be systematically evalu-
ted in transgenic systems to determine suitability for transgene
egulation. Similarly, intron-less promoters may  be potentially
ngineered with synthetic introns to modify and improve their
riven expression patterns, although special attention should be
irected toward the splicing mechanisms. Disruption of the trans-
ene splicing can certainly negatively affect IME  [52].
.  Genomic and transcriptomic approaches for promoter
iscovery
A  large toolbox of plant promoters is needed to provide
ore diversity and ﬁner regulation of gene expression patterns,
equired for various transgenic applications including trait stack-
ng using multi-gene stack vectors. The growing number of genome
equences for several important plants will greatly facilitate the
dentiﬁcation of large numbers of promoters. Thirty-one promoters
ere isolated and partly characterized using DNA sequences identi-
ed in genomic databases of grapevine (Vitis spp.) [58]. In addition,
e have created the Soybean Upstream Regulatory Element (SURE)
atabase containing information on functional expression anal-
sis of ∼100 promoters (http://www.oardc.ohio-state.edu/SURE/;
iner, unpublished data), which were isolated using the soybean
enome sequence and characterized using transgenic approaches.
A  large number of genes in eukaryotes such as Drosophila, mice,
nd humans are not regulated by single promoters but multi-
le alternative promoters [59–61]. Study of alternative promoter
sage has received little attention in plants, although advances
n genomics and sequencing technologies would accelerate stud-
es of alternate promoter usage in plants. The MAP  kinase gene
sBWMK1 appears to be differentially expressed as the result of
lternative promoter usage, which generates two OsBWMK1 tran-
cript variants with different transcriptional initiation sites in rice
62]. The rice LAGGING GROWTH AND DEVELOPMENT 1 (LGD1) gene
ncodes multiple transcripts that contain different transcription
tart sites [63]. Functional promoter analysis performed for two
romoter variants (LGD1.1 and LGD1.5) indicates that alternative
GD1 promoters are functional but drive different expression levels
63]. Large-scale analyses of alternative ﬁrst exons associated with
issue- and/or development-speciﬁc transcription have also been
onducted on Arabidopsis and rice [64,65]; however, pairing mech-
nisms of alternative ﬁrst exon and alternative promoter usage in
lants remain elusive. A comprehensive annotation of alternative
romoter usage along with expression data, such as that recently
eported for Drosophila [59], would greatly facilitate the discovery
f plant promoters with a more predictable regulation.
The pairing of genome sequence databases to genome-wide
ranscriptomic analysis will also be quite useful for prediction of
umerous cis-elements with diverse functionality. For example,
enome-wide in silico analyses using available genome sequences
nd transcriptomic data revealed several putative cis-elements
ithin promoters from sucrose transporter genes and cold- and
ehydration-responsive genes from Arabidopsis, rice, and soybean
66,67]. Similarly, large-scale prediction of numerous cis-acting ele-
ents involved in plant hormones responses was  performed in
rabidopsis [68]. A comprehensive study of the Arabidopsis trans-
riptome using microarray analysis was also conducted to identify
alcium-regulated promoters and the cis-elements conferring Ca2+ence 217– 218 (2014) 109– 119 115
response [69]. Over a thousand putative cis-regulatory elements
responsive to biotic and abiotic stress were identiﬁed after per-
forming global analysis of stress gene expression data in Arabidopsis
[1].
In silico genome-wide analyses of cis-elements are important to
gain a better understanding of global gene regulation at the organ-
ismal level. However, the small size of motif sequences that are
recognized during genome-wide analyses using current prediction
algorithms, frequently leads to the identiﬁcation of a tremen-
dous number of putative elements. Moreover, the presence of DNA
sequence motifs alone is not sufﬁcient to identify functional protein
binding sites, which is highly inﬂuenced by other several factors.
Many copies of a short sequence motif can be present in large
genomes; however, pending position and accessibility, only a small
portion of those copies may  be functional and enable in vivo pro-
tein binding [70]. Previous reports estimated that 1 in 500 motif
instances are functional and bound in vivo in mammalian genomes.
For example, The GATA-binding factor 1 (GATA1) motif is present at
approximately 8 million instances, but only about 15,000 are bound
by the GATA1 protein in mouse cells [71,72].
To overcome this methodological constraint, new high-
throughput methodologies that integrate mapping of functional
transcription binding sites along with histone modiﬁcations have
been devised and successfully applied in animal genomes [70].
STARR-seq (self-transcribing active regulatory region sequencing)
allowed quantiﬁcation of enhancer activity of millions of candi-
date enhancer-containing regions in the Drosophila genome [73].
STARR-seq technology uses screening vectors containing small
pieces of DNA isolated from sheared genomic DNA and cloned
downstream of a minimal promoter – which allows potential
enhancers to be self-transcribed. Reporter libraries are then trans-
fected into candidate cells and transcript analysis of potential
enhancers is assayed by high-throughput paired end sequencing.
This novel approach would be a powerful tool to predict gene reg-
ulatory regions and enhancers in plants.
6. Cis-element validation
Regardless  of the method used for promoter region and regula-
tory element identiﬁcation, experimental validation of promoters
and their putative elements should be carried out using plant trans-
formation and transgene expression analysis. Although expression
of the native gene associated with the promoter can provide some
information, promoters removed from their native context and
fused to new genes frequently display different expression pro-
ﬁles. Promoter regions are placed upstream of reporter genes and
introduced into target plant cells to determine promoter func-
tionality. The promoter regions regulating the reporter gene can
be whole uninterrupted promoter sequence regions from various
plant genomes or synthetic promoters, containing various pro-
moter sequences from different sources (Fig. 4). Because of the
low background expression and efﬁcient transcription initiation,
a minimal CaMV35S core promoter has been widely used for ele-
ment validation. Elements can be evaluated as monomers, dimers,
tetramers, and so on, either singly or in combination.
Synthetic promoters have been pivotal for basic studies of
signaling and transcriptional activation. In a pioneering study, syn-
thetic minimal promoters harboring multiple cis-elements (boxes
W1, W2,  GCC, JERE, S, Gst1, and D) responsive to pathogen attack
were used to demonstrate that defense signaling is largely con-
served across species at the promoter element level [42]. This
same study also provided evidence for the convergence of resis-
tance genes and wound-induced responses at the cis-element level
[42]. Similarly, pathogen-induced expression driven by minimal
promoters that contain pathogenesis-related elements (PR1),
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alicylic acid responsive elements (SARE), ethylene responsive ele-
ents (ERE), and jasmonic acid responsive elements (JAR) was
haracterized using an Agrobacterium-mediated transient expres-
ion assay, which may  be a potential tool for rapid high-throughput
nalysis of in planta pathogen responses [74]. Minimal promoters
ontaining different combinations and copy number of elements
DRE/CRT, ABRE, G-box, MYB, MYC, as1, rps1 site 1-like) from
tress-inducible promoters were also used to study drought- and
alinity-mediated responses in Arabidopsis [75].
The use of minimal promoters to drive genes of interest has
ot been fully exploited but great potential exists for using syn-
hetic regulatory regions in the development of transgenic crops
ith complex agronomic traits attained using stacked gene intro-
uctions. Due to their reduced sizes and ﬂexibility to combine
is-elements with different functionality, synthetic promoters can
e helpful in molecular stacking where multiple genes are manip-
lated simultaneously and the ﬁnal size of expression vectors can
e an issue during transformation. The use of cis-elements in syn-
hetic promoters can also be advantageous for their reduced “leaky”
nd off-target gene expression that often results from additional
is-elements in “full-length” promoter sequences.
Although minimal promoters are fused with putative cis-
lements to determine element functionality, these synthetic
romoters must be appropriately designed to generate meaningful
esults. Promoter inducibility and strength of expression are largely
ffected by spacing and motif copy number in synthetic promoters
42]. For instance, an increase in motif copy number did not nec-
ssarily result in enhanced promoter activity for some elements,
nd a single copy was sometimes sufﬁcient to activate a pathogen-
nduced response [42]. Excess of transcription factor-binding sites
ue to multiple copies of the same cis-element can also deplete the
ative cognate transcription factors, reducing transcription; thus, a
hreshold of copy number should be determined for each element.
lement spacing is also difﬁcult to predict with minimal promoters
s the size of each DNA fragment is theoretically determined by the
hysical conformation of the protein/cis-element binding complex,
nd should be optimized for each cis-element. This is an important
onsideration for construction of synthetic promoters combining
lements with different functionality (Fig. 4) and, thus, represents
 major challenge for synthetic promoter design.
. Gene expression validation tools and promoter analysis
High-throughput recognition of promoters and putative cis-
lements is now feasible for several important crops, as a result
f the increasing number of genome sequences and the signiﬁ-
ant advances in new sequencing technologies for transcriptome
nalysis. However, functional characterization of isolated promoter
equences may  be limited by the availability of gene introduction
nd expression systems. Many different validation systems exist
nd the data output that is generated is largely determined by
he expression system used for functional analysis. Validation uti-
izing transient expression analysis is relatively simple and rapid
hile stable transformation is the most complex and lengthy, but
rovides the most robust information on promoter function.
A  wide range of transient expression systems has been devel-
ped for rapid analysis of promoter function. Although these
ystems may  not provide deﬁnitive information on gene expres-
ion patterns, they are powerful tools to gauge promoter function
nd strength. Agro-inﬁltration of leaves with Agrobacterium cul-
ures is commonly used for rapid evaluation of transient gene
xpression, but this system may  not be useful for spatiotemporal
romoters driving expression in other organs [76]. Agrobacterium-
ediated transient expression was used to characterize expression
atterns provided by synthetic inducible promoters as a responseence 217– 218 (2014) 109– 119
to  biotic and abiotic stresses [77]. We  devised and successfully used
an automated image collection and analysis system for rapid and
quantitative transient expression analysis of numerous promoters
using lima bean cotyledons and particle bombardment [41,78,79].
Although  transient expression seems to be a good predictor of
intensity of in planta expression, careful consideration should be
exercised during the interpretation of transient expression data.
Introduction of DNA into plant cells often leads to very high ini-
tial levels of gene expression compared to stable expression [80].
For direct DNA introduction, this higher expression levels is likely
attributable to extrachromosomal expression and the relatively
high amounts of introduced DNA that could eventually overload the
regulatory machinery in a targeted cell and lead to gene silencing.
Use of viral silencing suppressors with transient expression sys-
tems reduces and extends gene expression [81]. Extrachromosomal
transient expression [82] is not subject to chromatin-based gene
regulation and, thus, transient expression assays does not reﬂect
the full functionality of promoters and their cis-acting elements.
Cell  cultures and protoplasts transformed using different DNA
introduction methods can also yield very rapid gene expression
analysis results but tissue speciﬁcity of certain classes of spa-
tiotemporal promoters is difﬁcult to properly evaluate due to
the obvious absence of differentiated tissues. Nevertheless, cells
cultures provide some of the highest transformation efﬁciencies
reported and are useful to analyze promoters responsive to a broad
range of treatments such as light, temperature, hormones, metabo-
lites, and pathogen derived elicitors [83].
Since recovery of large numbers of transgenic plants can require
extensive time and effort, the need for rapid and simple stable
transformation assays is imperative in the genomic era. Produc-
tion of stably transformed hairy roots takes weeks rather than
months, allowing rapid introduction and validation of numerous
DNA constructs [84]. Hairy roots are induced by Agrobacterium
rhizogenes and are transgenic, with a slightly altered phenotype
from non-transformed roots. Although gene expression analysis in
only root tissue can limit the usefulness of evaluation for many
promoter families that drive preferential expression in above-
ground plant tissues, hairy roots are generally a good preliminary
indicator of expression patterns for certain promoters such as con-
stitutive and inducible promoters [41,85]. Hairy roots are also
valuable for analysis of tuber/storage organ promoters [86]. Eval-
uation of gene expression in hairy roots can also be useful for
identiﬁcation of some functional cis-elements (Fig. 3; Hernandez-
Garcia, unpublished data). In addition, hairy roots are optimal for
Green Fluorescent Protein (GFP) detection as they do not contain
chlorophyll, which can impact GFP detection due to chlorophyll
autoﬂuorescence [87].
In  planta characterization is obviously the best means of elu-
cidating the function of promoters in stably transformed target
species. Although Arabidopsis and tobacco have been extensively
used as models for characterization of promoters, the absence of
certain anatomical structures in these model plants may  impede
the study of gene expression of some types of promoters such as
spatiotemporal promoters. Transgene expression driven by promo-
ters in model plants may  not be fully predictable either as some
of the factors that regulate promoters may  not exist in heterolo-
gous systems. For example, seed-speciﬁc promoters isolated from
genes encoding storage proteins in barley (B-Hor, D-Hor) and wheat
(HMW-Glu) showed off-target GFP expression in transgenic rice
[88]. Some constitutive promoters such actin and polyubiquitin
promoters have shown contrasting expression levels in different
plants including Gladiolus, freesia, Easter lily, tobacco, rice, and rose
[89,90]. The rice ubiquitin 2 (rubi2) promoter has shown limited
expression in transgenic switchgrass [91]. Differential performance
of promoters in monocot and dicot plants has also been reported.
The CaMV35S promoter drives relatively low expression levels in
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ifferent monocot plants. Thus, promoters and their contribut-
ng cis-elements intended for biotechnological applications should
e functionally characterized in the same plant species of inter-
st.
Transformation protocols for different crops such as soybean,
aize, rice and wheat are well established yet generation of trans-
enic lines remains time-consuming and laborious. Yet, for proper
nalysis of promoters in stably transformed plants, a large num-
er of transformants should be generated and screened for gene
xpression, which in some cases limit the use of stably transformed
lants for high-throughput analysis of promoters.
The following considerations deserve special attention for
xpression analysis in stably transformed tissues: (a) the size of the
solated promoter can affect gene expression as distant cis-acting
lements can be missed during promoter cloning, (b) the absence
f transcription factors required to interact with cis-elements can
odify the expected expression patterns in heterologous systems,
c) random integration of promoter constructs in independent
ransformation events can result in large variability in expression
ue to position effect and potential loss of chromatin-mediated reg-
lation, and (d) transgene copy number and the DNA arrangement
an either increase the intensity of transgene expression or cause
ene silencing.
.  Concluding remarks
To  gain a correct understanding of gene function in both basic
nd applied research studies, introduced transgenes should be pre-
isely regulated. With an increased number of available genes and
ene stacking technologies, the possession of a well-furnished tool-
ox of promoters and cis-elements is needed to drive more complex
gronomic traits such as yield enhancement and metabolic engi-
eering. Considering that plants are comprised of several tens of
housands of genes with an exceptionally wide range of function-
lities, it would not be surprising that an astonishing high number
f promoters and regulatory elements remains to be discovered.
his would lead to signiﬁcant improvement in the regulation of
umerous phenotypes and expression patterns driven by currently
vailable promoters.
Advances in bioinformatics will lead to accelerated discovery of
ovel promoters and their cis-elements. For example, the devel-
pment of more robust computational methods is still needed to
recisely predict the boundaries of promoters, especially at the 5′
nd. Cloning and characterization of complete “full length” pro-
oters is preferred over truncated promoters to avoid missing
otential enhancers located in the distal promoter region. In addi-
ion, computer algorithms with better prediction of cis-elements
re required to circumvent the tremendous number of false pos-
tive elements that are detected using currently available tools.
hese new algorithms should be developed to efﬁciently recognize
hort semi-conserved sequences, and predict cognate transcriptio-
al regulators.
Genome-wide transcriptomic analyses using high-throughput
equencing technologies such as RNA-seq will not only lead to a
etter understanding of global regulation of gene expression but
lso to the identiﬁcation of novel promoters and cis-elements in
conomically important crops. Sharing the large amounts of trans-
riptomic data in public depositories may  also help the selection
f the best candidate promoters for speciﬁc expression patterns.
he development and improvement of existing gene expression
ystems for simple, rapid and more predictable expression pat-
erns will be critical to validate the large amount of expression
ata generated using integrated transcriptomic and bioinformatic
pproaches. Further development of expression validation tools is
lso still needed to allow high-throughput analyses of promoter
ctivity under an assorted array of conditions.
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